A short carbon fiber (CF)/agarose gel composite in which short CFs were radially embedded in the gel matrix was fabricated. The composite was subjected to strong magnetic fields up to 8 T, to observe its deformation. The composite deformed so that the carbon fibers were aligned parallel to the magnetic field. The deformation was analyzed quantitatively in terms of the magnetic and elastic energies of the composite.
Introduction
Diamagnetic materials are responsive to an external magnetic field though their response is weak. Among them, carbon nanotubes (CNTs) and carbon fibers (CFs) have a large diamagnetic anisotropy owing to their graphene structures; the anisotropy causes a magnetic alignment. This nature of the materials is utilized to fabricate composites in which short CNTs [1] [2] [3] [4] or CFs [5] [6] [7] [8] are aligned in such a manner as to maximally utilize their excellent mechanical, thermal, and electronic properties [9] .
Magnetic alignment is more easily achieved for a CF than for a CNT because the magnetic torque exerted is proportional to the particle size [10] .
Recently, materials responsive to magnetic fields such as magnetostirictive materials [11, 12] and ferrogels [13, 14] as actuators has drawn considerable attention.
Magnetostrictive materials exhibit only a small change in shape; on the other hand, ferrogels exhibit a large change in elongation under a field gradient, but it might be difficult to control their shape. In this study, we fabricate a novel class of CF-based magnetically responsive material that exhibits a large change in shape under a uniform magnetic field. Owing to its large diamagnetic anisotropy, a CF generates a strong torque when placed in a magnetic field. This torque is transformed to a gel matrix into which the CF is embedded. In this study, we demonstrate that radially distributed short CFs embedded into a gel matrix can deform the gel when placed under a strong uniform magnetic field. This technique is a step forward in achieving the fabrication of a composite that changes in shape under a magnetic field.
Experimental
Agarose sol was prepared by adding 0.3 g agarose powder and 0.3 g sodium dodecyl sulfate to 30 ml boiling water. 9 ml of the obtained sol was poured into a Petri -3 -dish (diameter: 3.3 cm) that was maintained at C 80  . Then, 0.75 g of short CFs (K223HG, Mitsubishi Plastics, Inc. courtesy of Toyoda Gosei Co., Ltd.) was added and dispersed. The nominal anisotropic magnetic susceptibility, determined using the method proposed previously [7, 8] , was (a) Agarose sol containing short CFs is subjected to a radial magnetic field produced by a spherical permanent magnet. (b) A strip is cut off after gelation.
-4 -magnetic fields up to 8 T. Young's modulus of the sample strip was determined by measuring the bending deformation due to the gravity. The sample was placed horizontally between two supports and a vertical displacement occurring at the center of the sample, caused by the own weight, was measured to evaluate the bending modulus.
Results and discussion
Let us consider a composite strip of width 
total energy tot E of the strip is expressed as Unit vectors ) (s u and ) (s k represent the tangential and normal directions of the strip at s , respectively. The angle  is defined by the equation
where el e and mag e are the elastic and magnetic energies per unit length, respectively, and are expressed by
Here,  is the elastic modulus, 0  is the magnetic permeability of vacuum,
is the anisotropic diamagnetic susceptibility of the CF ( //  and   are magnetic susceptibilities parallel and perpendicular to the fiber axis, respectively), and -6 -CF v is the total volume of CFs in a unit volume of the gel. The deformed shape is determined by minimizing tot E with respect to u by using the variational method.
The orientation distribution of CFs observed by a microscope is shown in Fig.   3 . Here, the strip is divided into 29 sections, and the average direction of the CFs in each section is indicated.
The orientation angle  defined previously is aproximately expressed as
where K is a constant. Fig. 4 shows the experimental result of the gel deformation observed with a CCD camera. We find that the deformation is approximately described by a part of a circle. Under this approximation, the elastic energy is expressed by
Here, we use the relation (5) and (6) 
where
In It is reported that agarose undergoes magnetic alignment during gelation [15, 16] . The origin of the alignment is attributed to a small crystallite that forms a crosslinking point of the gel. We do not know to what degree the agarose crystallites are aligned in the present composite. However, we expect that the degree of alignment of a crystallite is very low compared to that of a short CF because the magnetic anisotropy of a crystallite is smaller than a CF and also the size of a crystallite is much more smaller than a CF. Therefore, we can expect that the total magnetic anisotropy of the sample composite is mainly due to the CFs.
Conclusions
A CF/gel composite that responds to a magnetic field is fabricated. A large -10 -Appendix. Derivation of Equation (2) Consider a small portion of a sample at point s (width a, thickness b, length ds) supported at both ends and applied a force P at the center to cause a displacement x.
The force P is related to the displacement x as follows [17] :
where  is the elastic modulus. Then, the elastic energy stored when this portion is deformed by d is expressed by 
If we assume that the deformed shape is a part of a circle, the value d is related to the radius of curvature R at point s as follows:
where it is assumed that
where the relation   Circles indicate the experimental data.
